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Figure 11.
Historical and simulated cumulative distribution functions of precipi
tation depth per wet day for three 14-day periods in Redig and
Aberdeen, SD.
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EXAMPLE

To run the program, load BASICA in the IBM-PC or compatible
computers or ZBASIC for the Z-100. Then place the program disk
in drive B and load "BrCLIMATPC.BAS" for the IBM-PC and

compatibles or "B:CLIMATZ.BAS" for the Z-100 and give the RUN
command. The welcome screen (fig. 13) will then appear. Press
RETURN for the next screen (fig. 14) which provides two options.
In this example we will assume that we wish to provide climatic
information for a location west of Brookings and that we have
not stored the parameters so we will elect option A.
Therefore, we enter A <R>. Screen 3 then follows (fig. 15)
explaining what the following screen will be. After pressing
RETURN a map of the State appears (fig. 16) showing the
locations of the weather stations. After the precipitation
parameter files are read for each station, the cursor will
appear in the lower left corner of the screen. We will use the
arrow keys to move the cursor to the desired location and then
press RETURN. Two circles will appear centered on the point of
interest (fig. 17). The small circle has a radius of 30 miles
and the larger a radius of 100 miles. If there is a station
within the 30-mile radius, you will be asked if you wish to use
parameters for that station only. If you answer yes, Y, you
will have a nearest neighbor estimate of parameters; if you
answer no, N, you will be asked if you wish to eliminate any of
the stations within the 100-mile radius. In this case we will
assume that no stations are to be omitted; therefore, we respond
with N <R>. Next you will be asked if you wish to store
parameters. If you are planning to use information for this
location frequently, respond with Y and follow instructions for
naming the file. When you enter the program again, select
option B above. For this example we will respond with N.

At this point the program will calculate the daily precipitation
model parameter values (which will take from 1 to 2 minutes) and
then will display on the screen the averaged means, amplitudes,
and phase angles for each parameter (fig. 18a). These values
may be useful for diagnostic purposes. The program will then
compute the theoretical mean annual precipitation using equation
(10) and will ask if you know the mean annual precipitation. If
the response is yes, you will be requested to enter the value in
the form xx^xx (inches). The program will then adjust the
parameters p,Q and a until the theoretical annual precipitation

is within 0.1% of the known value (see Fig. 18b).



UELCOrlE TO SOUTH DflKOTR WEATHER

This program provides easy access to information on daily

precipitation) maximum and minimum temperature, and solar radiation.

Press RETURN to continue.

Figure 13.
Welcome screen for microcomputer program-

THE FOLLOWING OPTIONS ARE AVAILABLE.

A. Estimate daily weather parameters. Use this

option if this is the first time you have

used this program for the location of interest.

B. Read daily ueather parameters from a disk file.

This option is used if you have already used

option A and stored the parameters.

ENTER LETTER CORRESPONDING TO OPTION YOU DESIRE.?

i

Figure 14.
Option screen
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The next display will be a map of the state of South Dakota

with locations of the weather stations where the data were obtained.

USE THE ARROWS ON YOUR KEYBOARD TO PLACE THE CURSOR AT THE POSITION

UHERE INFORMATION IS DESIRED. THEN PRESS RETURN TO CONTINUE.

Figure 15.
Information screen

..Camp Crook (4)
]

«Redig (19)

Newell (12)

SOUTH DAKOTA

Pollock (16)

Aberdeen (
Gettysburg (6) (18) Milbank

oRedfield (18)

Lead IE (7)
Rapid City (17L.

°0nida (14)

I
°Pierre (15)

(3)Brookings

Cottonwood (5)
Mitchell (11)

<

CURSOR

Long Valley (8)
0elrichs(13)°Martin (9)

8 28 48 68
1—'—'—' Scale of miles

Academy (2)
1 Yankton (28)

Figure 16.
Map of State with location of weather stations.



SOUTH DAKOTA

..Camp Crook (4)
I

«Redig (19)
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3)°Martin (9)

8, 28 48 68
—' ' ' Scale of miles

9 Pollock (16)

r

Onida (14)
I

'ierre (15)

oAberdeen
G&tfysburg (6) (18)

X

DO YOU WISH TO ELIMINATE ANY OF THE STATIONS UITHIN A 188 MILE RADIUS? (Y/N)

Figure 17.
Map of State with concentric circles around location where weather data
are desired.
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AVERAGE PARAMETERS FOR STATION

P88
8.8354E+88 8.7611E-81 8.2799E+B1 8.1366E-81 9.8844E+88
8.8888E+88 8.8888E+88 8.6292E-82 - 1643E+61 8 2742E-82
8.1225E+81 8.8888E+88 8.8088E+88

P18
8.6639E+88 8.7735E-81 -.3033E+81 8 6411E-81 8 2523E+81
8.1325E-81 8.3261E+88 9.0986E+GQ 8 8888E+88 8 3733E-82
8.1667E+81 8.5997E-82 -.1988E+88

BETA
8.7588E-81 8.2537E-81 -.6888E+88 8 8888E+88 8 8888E+88
8.2914E-82 -.2842E+81 8.8888E+88 8 9000E+90 8 7795E-83
-.6688E+88 -.1448E-82 8.1218E+81

MEAN
8.2378E+88 8.1183E+88 -.7571E+88 8 5248E-82 8 3816E+88
8.8888E+88 8.8888E+88 8.3788E-82 - 1155E+81 8 8888E+88
8.8888E+88 8.8888E+88 0.0066E+00

ALPHA = .4129134

PRESS RETURN TO CONTINUE?

CALCULATING
EXPECTED ANNUAL PRECIPITATION = 19.63667 INCHES. NO. UET DAYS= 72.6722

DO YOU KNOU THE AVERAGE ANNUAL PRECIPITATION? (Y/N) Y

ENTER AVERAGE ANNUAL PRECIPITATION IN INCHES XX.XX? 28.28

CALCULATING
EXPECTED ANNUAL PRECIPITATION = 28.29476 INCHES. NO. (JET DAYS= 73.78923

CALCULATING
EXPECTED ANNUAL PRECIPITATION = 28.18584 INCHES. NO. UET DAYS= 73.68731

ALPHA AND P18 HAVE BEEN ADJUSTED TO MAINTAIN ANNUAL PRECIP.

PRESS RETURN TO CONTINUE?

THE FOLLOWING OPTIONS ARE AVAILABLE

A. Estimate the probability of X or ess inches of rain in N days.

B. Simulate M years of rainfall data or rainfallj max

and min temperature and radiation data.

ENTER LETTER OF OPTION DESIRED OR Q TO QUIT?

Figure 18.
Screen displays: a, parameters for station selected; b, iterative
procedure to adjust average annual precipitation by modifying a and
Pjq; c, options.



12 3 4 5 6 7
k = Number of wet days in 7 day period beginning 6 - 1

Figure 19.
Cumulative distribution function and probability mass function of the
number of wet days in a 7-day period.

CUMULATIVE DISTRIBUTION FUNCTION
FOR 7 DAYS BEGINNING 6 - 1

DAY BEFORE 7 DAY PERIOD UAS DRY

.4 .8 1.2 1.6 2
X - Inches of precipitation

2.4

Figure 20.
Cumulative distribution function of total precipitation in a
7-day period.

2.8
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This is the daily rainfall simulation option.

You will be asked how many years of data you wish to simulate

and the name of the sequential file to store the data in.

Each year of precipitation! maximum and minimum temperature

and radiation data requires about 9,158 bytes. Thus the maximum

number of years on a 328 K-byte disk is about 38.

For precipitation only, about 188 years is acceptable.

PRESS RETURN TO CONTINUE?

Figure 21.

Information screen for simulation option.

Next, the screen will provide options to calculate probabilities
of various amounts of rainfall for an m-day (m<30) period,
beginning on any day of the year, or to simulate n years of
climatic data (Fig. 18c). If option A, calculation of rainfall
probabilities, is chosen, the user will be prompted to select
the beginning day of the period, the number of days in the
period, and finally will be asked if the day before the m day
period was "dry," "wet," or "don't know." If you wish rainfall
probabilities for the next m days enter today's state (wet or
dry). If, on the other hand, you wish rainfall probabilities
for a day more than one day in the future enter "DK." If your
response is "DK," you will be asked if you have an estimate of
the probability of rain on the day before. If you respond "N,"
the unconditional probability of a wet day on the day before is
used. If you respond "Y," you are asked to enter the
probability of rain. This option might be used if, for example,
it was June 1 and you were interested in the probability of
receiving 1 inch or less rainfall in the 5 day period June 3 -
June 7. If the local weather forecast gave a 20 percent chance
of rain on June 2 you could enter 0.20 at the query. The
probabilities of 0, 1, 2,... M wet days will be calculated using
equations (14) and (15) conditioned on the state of the day
before the period begins. Figure 19 shows the cumulative
probabilities (the stair step function) of K or fewer wet days
and the probability of exactly k wet days in the period. From
this figure we can see that the most probable number of wet days
is 2 and that the probability of 0, 1, or 2 wet days is
approximately 0.6. The probability of no wet days is about
0.13. From figure 20, we see that the probability of no rain
(which corresponds to the probability of no wet days) is about
0.13. The chances are about 9 out of 10 (probability of 0.9) of
receiving 1.6 inches or less rain. Thus the chances are 1 out
of 10 of receiving over 1.6 inches of rain.



At this point we can go back to the menu (fig. 18c) and elect
the precipitation probability option again or the simulation
option. If the simulation option (B) is chosen, a sequence of
instructions appears on the screen (fig. 21). By providing the
proper input at the prompts, the user will obtain a sequential
file of M years of simulated precipitation data or
precipitation, maximum temperature, minimum temperature, and
radiation data on a disk. These data will be in the sequence

Y1<X)' Wl^' WW' rl(1)' Yl(2)' Wl^' tminl^'
rx(2) •••¥^365), tmaxl(365), tminl(365), ^(365), Y2(l) ••
.YM(365), tmaxM(365), tminM(365), rM(365) and may be used as
input to other programs. Note that Y^(l) is the precipitation
for March 1.
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DISCUSSION

The weather information provided in CLIMATE.BAS is most useful
in conjunction with additional programs that require daily
precipitation only or precipitation, maximum and minimum
temperatures, and radiation as input. For example, daily
precipitation only could be used as input to a program providing
estimates of daily runoff using the SCS curve number method.
Several sequences of simulated precipitation, maximum and
minimum temperature, and radiation for short periods (weeks)
could be used in conjunction with models of plant growth,
nitrogen uptake, leaching, and transformations to assist in
short-term farm management of nitrogen fertilizer application to
reduce N losses from the root zone. Such sequences could also
assist in estimating trafficability in military, construction,
or agricultural operations. Sequences of annual simulations
could serve as input for models evaluating chemical transport
(Knisel 1980), soil erosion, and plant growth (Jones and Kiniry
1986). The analytic calculations of probabilities of M-day
precipitation provide quick estimates of risk in weather-
dependent activities.
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APPENDIX: PARAMETER ESTIMATION FOR THE MARKOV-CHAIN/
MIXED-EXPONENTIAL MODEL

The maximum likelihood estimation of Fourier coefficients

describing the seasonal variation of the Markov-chain/mixed
exponential model parameters is accomplished by the FORTRAN
program, AGUA46. The procedures used in the program are similar
to those described by Woolhiser and Pegram (1979), Roldan and
Woolhiser (1982), and Woolhiser and Roldan (1986). However, a
few improvements have been made, so the general optimization
strategy will be reviewed here. The discussion will parallel
the order of computations in AGUA46.

AGUA46 consists of the main program, AGUA46 and 23 subroutines.
The principal functions of each subroutine are discussed below
and are also indicated in comments in the program on the
diskette.

PROGRAM AGUA46: Reads input information and precipitation data
and calls subroutines MARKOV, MARLIK, CALCUL and PLOT.

Subroutines MARKOV: Called from AGUA46. Calculates the transition

probabilities p0~(k) and p,0(k), k=l, ... NPER, for each period

of the year as defined by the input parameter, NPER. Currently
NPER may be 26 for 14-day periods or 13 for 28-day periods. The
first period starts on March 1 and the last period contains 15
or 29 days. The extra day in leap year is ignored. The maximum
likelihood parameter estimates are

aQQ<k>
P00<k> "a0Q(k) +a01(k) <A'X>

«10Wp10(k)- ^ (A.2)
a1Q(k) + an(k)

where a..(k) is the observed number of transitions from state i

to state j in period k for the entire period of record.

FOUTER: Called from MARKOV and CALCUL. Calculates the least

squares Fourier coefficients for the MC-ME parameters, pQ0, p,Q,

a, 0, 8 and the mixed exponential mean daily depth, \i. The
Fourier series is fit to the parameter values at the period
midpoints. Calls subroutine SERIES.

SERIES: Called from FOUTER. Calculates the least squares
Fourier coefficients. Calls subroutines COEFF and FOURI.

COEFF: Called from SERIES. Computes least squares Fourier
coefficients using a trapezoidal rule to approximate the
integral.

FOURI: Called from SERIES. Computes values of the Fourier
series at period midpoints given the coefficients.
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MARLIK: Called from program AGUA46. Calculates approximate ML
estimators for the amplitudes and phase angles for the Fourier
series approximation to the parameters pQ0(n) and p_n(n) by
maximizing the following functions:

Dry-dry transitions:

365

Log Ld =2_Ja00(n)logp0()(n) + a01<n)log[l -P00(n)]} (A. 3)
n=l

Wet-dry transitions:

365

L°S Lw =) {a10(n)logp1()(n) +an(n)log[l-p10(n) ]} (A.4)
n=l

where

mi0

Pi0(n) -PiQ +)_,{CiOj sin(2^J/365 +^iQj)} (A.5)

a^.(n) - observed number of transitions from state i on day n-
1 to state j on day n, where i = 0,1, m.Q is the
maximum number of harmonics to be considered, C,n. is

iOj
the amplitude of the jth harmonic and <f>.~. is the

phase angle of the jth harmonic. Calls subroutines
DLIK and WLIK through SIMPLX.

DLIK: Called from MARLIK through SIMPLX. Calculates the log
likelihood function for the transitions beginning with dry days,
equation (A.3). A penalty function is added if any Pnn(n) is
negative or greater than 1.

WLIK: Called from MARLIK through SIMPLX. Calculates the log
likelihood function for the transitions beginning with wet days,
equation (A.4). A penalty function is added if any p10(n) is
negative or greater than 1.

CALCUL: Called from program AGUA46. This subroutine calculates
the mean and variance of precipitation per wet day, the mean
number of wet days, and the mean and variance of precipitation
totals for each 14 or 28 day period. It also sums the annual
precipitation for each year and calls the subroutine PLOT to
plot the annual series on the line printer. The subroutine
ESTADI is called to calculate the period statistics, and MIXEXP
is called to calculate the parameters of the mixed exponential
distribution for each period. The subroutine FOUTER is called
to calculate the least squares Fourier coefficients to fit the
series through the period values for the parameters a, , p., and

5fc for the mixed exponential distribution. These coefficients



are used as starting values in the subroutine LIKMEX which
calculates maximum likelihood estimates of the Fourier

coefficients.

ESTADI: Called from CALCUL. Computes the mean and variance of
daily precipitation amounts for 14 or 28 day periods.

MIXEXP: Called from CALCUL. Computes the parameters a, , p, , and

5, for the mixed exponential distribution for daily precipita

tion for each 14- or 28-day period by maximizing the log
likelihood:

N(k)

Log 1^ -N Uog[ak/0k exp(- u^/j^) (A.6)
j=l

+ (l-ak)/*k exp(-ukj/5k)]}

The sample values, u, ., consist of the observed daily

precipitation minus the threshold. Optimization is achieved
through calls to the subroutine SIMPLX. The subroutine FPLIK is
called through SIMPLX to evaluate the log likelihood function.

FPLIK: Called from MIXEXP through SIMPLX. Calculates the
objective function equation (A.6) for each 14- or 28-day period.
A penalty function is used to prevent the parameters from
getting out of the appropriate range, that is,

0 < ak < 1, 0 < 0k, 0 < 5k.

LIKMEX: Called from CALCUL. Calculates maximum likelihood

estimates of Fourier series coefficients for the mixed exponen
tial parameters a(n), /5(n), and the mean /i(n), where

Ai(n) = o(n) P(n) + (1 - a(n))5(n)

The log likelihood function to be maximized is

365 m(n)

LogM£ =̂ ^Uog[a(n)/0(n)exp[-unj/j8(j)] (A.7)
n=l j=l

+((l-a(n))/5(n)exp[-unj/6(n)]]}

where m(n) = number of wet days on day n, n=l,2 ... 365 for the
period of record., u . = the transformed precipitation for the
jth wet day of day n. The parameters cr(n) , P(n) , and ju(n) are
represented in the form of equation (A.5).

Three options are available for representing the parameter a(n).

1. a(n) is a constant throughout the year and is provided as
input to the program. This case might be used if a single value
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of a is to be used for a given region. For this option CALFA >
0 and KALFA > 0.

2. a(n) is a constant throughout the year and is estimated by
taking the mean of the a, values for each period. CALFA < 0 and

KALFA > 0. This option is not recommended.

3. a(n) is fit by Fourier series with maximum number of
harmonics, MAXA. CALFA < 0 and KALFA < 0. This is the
recommended option for most circumstances.

These options were included to provide flexibility in the
analysis. Through experience we have found that the parameters
ou are quite variable and that there are strong interactions

between ak> p^, and 8^.. By setting a as a constant (MAXA = 0)
throughout the year, problems with interactions are reduced.

The optimization strategy is described below.

1. The mean values of the parameters, a, ~p, /I, are first
estimated simultaneously by calling subroutine MDLIK through
SIMPLX.

2. The amplitude and phase angle of the first harmonic of the
mean, /x, are estimated by calling subroutine MULIK through
SIMPLX.

3. The amplitude and phase angle of the first harmonic of p are
estimated by calling subroutine BLIK through SIMPLX.

4. If a is to vary seasonally, the amplitude and phase angle of
the first harmonic are estimated by calling AMLIK through
SIMPLX.

5. Steps 2 and 3 or steps 2, 3 and 4 are repeated with 2nd and
higher harmonics until the maximum number of harmonics, MAXH,
has been reached. As the parameters for each harmonic have been
estimated by the maximum likelihood technique, a decision is
made to retain or drop that harmonic depending on the value of
the Akaike Information Criterion, AIC (Akaike 1974),

AIC = -2(LogME - n ) (A.8)

where n is the current number of parameters. If the value of
AIC is smaller than the previous one (that is, before the
harmonic was added) the harmonic is assumed to be significant.
If AIC is greater than the previous value the harmonic is
assumed to be insignificant and is dropped from consideration.

6. A second round of optimization is started by obtaining
improved estimates of the mean parameters a, P, and \x by calling
MDL2K through SIMPLX.



7. Improved estimates of the amplitudes and phase angles of the
mean A*(n) are estimated for each significant harmonic by
repeatedly calling MULIK2 through SIMPLX.

8. Improved estimates of the amplitude and phase angles of the
parameter P(n) are estimated for each significant harmonic by
repeatedly calling BLIK2 through SIMPLX.

MLIK: Called from LIKMEX, AMLIK, BLIK, MULIK, MDLIK, MDL2K,
MULIK2 and BLIK2. This subroutine calculates the value of the

objective function specified by equation (A.7)

AMLIK: Called from LIKMEX through SIMPLX. Called when the
amplitude and the phase angle of a harmonic of a(n) are being
optimized. Calls subroutine MLIK.

BLIK: Called from LIKMEX through SIMPLX: Called when an
amplitude and a phase angle of a harmonic of p(n) are being
optimized. Calls subroutine MLIK.

MULIK: Called from LIKMEX through SIMPLX. Called when e.n
amplitude and a phase angle of /x(n) are being optimized. Calls
subroutine MLIK.

MDLIK: Called from LIKMEX through SIMPLX. Called when the
means of the three parameters a, p, and n are being optimized
for the first time. Calls subroutine MLIK.

MDL2K: Called from LIKMEX through SIMPLX. Called when the
means of the three parameters a, p, and /i are being optimized
for the second time. Amplitudes and phase angles of significant
harmonics of a(n), /5(n) and #u(n) are retained. Calls subroutine
MLIK.

PLOT: Called from AGUA46. Plots data on the line printer.

MULIK2: Called from LIKMEX through SIMPLX. Called when an
amplitude and a phase angle of /x(n) are being optimized for the
second time. Calls subroutine MLIK.

BLIK2: Called from LIKMEX through SIMPLX. Called wnen an
amplitude or phase angle of 0(n) are being optimized for the
second time. Calls subroutine MLIK.

SIMPLX: Called from MARLIK and LIKMEX. This is an
unconstrained multivariate optimization routine based on work by
Nelder and Mead (1965).

The version of AGUA46 included on the disk has been run on a VAX

11/750 computer. The program may need modifications for other
computers. A run for Aberdeen, SD required 20 min. of CPU time
on the VAX 11/750. The techniques used by Stern and Coe (1984)
would require considerably less computer time. However, it
would be necessary to replace the mixed exponential distribution
with the gamma distribution and to extensively revise the
microcomputer program.
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